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ABSTRACT
60NiTi (60wt.% Ni, 40 wt.% Ti) is a highly resilient and corrosion resistant
intermetallic alloy with hardness and elasticity properties suitable for bearing ap-
plications. However, lubrication of this material is still being explored since many
commercial lubricants are designed to function through chemical and physical inter-
actions with steel surfaces. Titanium rich alloys are known to have poor tribological
performance and to be chemically aggressive toward lubricants. Since 60NiTi is a
titanium rich alloy, and components made from 60NiTi will likely operate with a
lubricant, it is vital to study how to properly lubricate 60NiTi contacts. The goal
of this research is to characterize the performance of 60NiTi sliding contacts with
diﬀerent lubricants at a range of operating conditions. First, previous studies sug-
gested castor oil as a natural lubricant for 60NiTi, and reported friction coeﬃcients
less than 0.01, i.e. superlubricity, when sliding against steel. Here, the robustness
of those findings was explored by characterizing the friction coeﬃcient as a function
of contact pressure and surface roughness. It was found that friction under castor
oil lubrication is highly sensitive to surface roughness, and that friction coeﬃcients
approaching the superlubricity regime are only achievable with very smooth sur-
faces, which may not be realistic in practical engineering applications. Second, a
series of tests were performed to characterize the wear and friction of self-mated
60NiTi contacts lubricated by diﬀerent greases in low sliding speed contacts. It was
found that polytetrafluoroethylene (PTFE) thickened perfluoropolyether (PFPE)
greases significantly reduced wear compared to the other greases tested by mitigat-
ing adhesive wear modes. These results provide valuable information to guide the
selection of grease for 60NiTi contacts. Overall, this work lays the groundwork for
future development of new greases and lubricants specifically designed for 60NiTi
contacts.
xii
Chapter 1
INTRODUCTION
1.1 Tribology
Tribology is the study of friction, wear, and lubrication between interacting
surfaces in relative motion. The study is multidisciplinary in nature, encompassing
elements from physics, chemistry, material science, and mechanical engineering. The
term tribology comes from the Greek verb tribo (τρίβω) which the Liddel and Scott
Greek lexicon translates as "to rub" or "to grind" [1]. The term was first coined by
Peter Jost in 1966, in a report for the UK Department of Education and Science
that highlighted the economic importance of utilizing basic principles of tribology [2].
The term tribology, and others bearing the prefix "tribo-", have since been widely
adopted to more accurately describe a range of physical interactions and phenomena.
Despite the recent development of the terminology, humans have been studying and
utilizing basic principles of tribology for thousands of years. There is evidence of
rudimentary bearings and practices of lubrication that predate recorded history [3].
After coining the term, Peter Jost later remarked that it was like "finally giving a
name to a thousand-year-old baby" [4].
We now know that tribology plays a significant role both in our daily lives and
at a global scale. Studies estimate that 20% of energy consumed globally is used just
to overcome friction, and a further 3% is consumed in replacing equipment damaged
by wear [5,6]. Due to the scale of this gross waste of energy, the International Energy
Agency has identified the improvement of end-use eﬃciency of fuel and electricity
as the single largest potential source of reducing CO2 emissions. Additionally, it
is estimated that correcting poor practices in tribology generally could result in
savings on the order of 1–1.4% or more of the GDP for a typical modern industrial
nation [5–7]. It has also been estimated that research and development of methods
to reduce friction and mitigate wear can generate returns in the form of saving up
to 50 times the cost of the research itself [6, 7].
Tribology still has many questions left to answer. There is still no model to
predict the behavior of arbitrary sliding surfaces, and the main governing parameters
are generally still not well understood [8, 9]. This lack of understanding is due to
the extreme complexity of what may appear to be simple problems in tribology.
However, recent developments in tools and methods show the potential to rapidly
advance our understanding of tribology in the near future.
1
1.2 Surface Texture and Contact Mechanics
In order to study how surfaces interact, it is first important to have a good
understanding of surfaces themselves. While the surface of a material may appear
smooth to the eye, in practice no surface is ever perfectly flat. If you look closely
through magnification, you will see that a typical surface is made up of rough,
uneven features. The protrusions from the surface are called asperities. When two
seemingly smooth surfaces touch, only a few asperities come into contact.
y
x
F
(a) (b)
Figure 1.1: Illustration of (a) two rough surfaces being loaded against one another
and (b) the points where the two surfaces come into contact, adapted from [10].
The process of measuring the topographical profile of a surface is called pro-
filometry. Once a measurement has been made of the surface texture, the eﬀect of
waviness must be accounted for by applying a filter with a cutoﬀ wavelength (L)
to the measured profilometry data. A representative illustration of the resulting
filtered data is shown in Figure 1.2. Waviness can be thought of irregularities that
are larger than a cut oﬀ length. The cutoﬀ length is the length of scale (measured
parallel to the profile) necessary for irregularities to be observed. Waviness can be
the result of tooling marks, residual stresses, or vibrations in measurement.
Profile z(x)Nominal surface line
x
z zi
LL
Figure 1.2: Illustration showing the roughness of a surface after filtering to remove
the eﬀect of waviness from a hypothetical surface profile.
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Measurements of surface profiles are not continuous functions, they are dis-
crete points of measurement (zi) collected from an instrument. Roughness is quanti-
fied by a variety of parameters, including average roughness (Ra), root mean squared
roughness (Rq), skewness (Rsk), and kurtosis (Rku). Ra and Rq are measures of the
average deviation and the root mean square average deviation of the measured pro-
file from a nominal surface line respectively. Rsk is a measure of concentration of
the deviations either above or below the nominal surface line and Rku is a measure
of how "sharp" those deviations are. The method of calculations these parameters
is given by
Ra =
1
n
n󰁛
i=1
|zi|
Rsk =
1
nR3q
n󰁛
i=1
z3i
Rq =
󰁹󰁸󰁸󰁷 1
n
n󰁛
i=1
z2i = 2
Rku =
1
nR4q
n󰁛
i=1
z4i
(1.1)
Precision components are often finished with very low surface roughness.
For example, bearing races are typically polished to a level of Ra 0.025–0.05 µm or
lower. For mechanisms, a very high surface finish is desirable, but a surface can be
too smooth. Around Ra = 0.001 µm surfaces in contact can suddenly seize.
1.2.1 Hertzian Contact Model
A simple analysis of a ball loaded on a plate would show that, theoretically the
contact area between a sphere and a plane would be zero and the resulting pressure
would be infinite for any nonzero force using the classic calculation of p = F/A.
In reality, the ball and plate are both elastic bodies and will elastically deform
at the their interface when they touch, creating a small contact area with a finite
pressure. The Hertzian model of contact describes this elastic behavior and allows
us to estimate the contact pressure. The localized contact stresses between curved
surfaces are referred to as Hertzian contract stresses. The Hertzian contact model
was first developed by Heinrich Hertz in 1882 to understand how the forces which
hold multiple lenses together aﬀect their optical properties. Today, the Hertzian
contact model forms the foundation for the analysis of the load-bearing capacity of
bearings, gears, and many other mechanisms.
3
aR
F
p(r)
δ
Ei, νi
Es, νs
Figure 1.3: Ball-on-flat contact under load where the dashed lines show the unde-
formed profile of the ball.
The Hertz model neglects any the eﬀect of adhesive and frictional forces on
the bodies in contact. The ball-on-flat contact is modeled as an elastic spherical
indenter loaded on a semi-finite elastic medium, as shown in Figure 1.3. The radius
of contact (also called the Hertzian radius) a and the deflection δ are defined as
a =
󰀕
3FR
4E ′
󰀖1/3
(1.2)
δ =
a2
R
=
󰀕
9F 2
16RE ′2
󰀖1/3
(1.3)
Where E ′ is the reduced modulus and is given by
E ′ =
󰀕
1− ν2s
Es
+
1− ν2i
Ei
󰀖−1
(1.4)
The pressure distribution over the contact radius is given by
p(r) = p0
󰀕
1− r
2
a2
󰀖1/2
, 0 ≤ r ≤ a (1.5)
Where r is the radial distance from the center of the contact area and p0 is the
maximum contact pressure located at the center of the contact and is 150% the
mean contact stress p¯
p0 =
3
2
p¯ =
3
2
󰀕
F
πa2
󰀖
=
󰀕
6FE ′
2
π3R2
󰀖1/3
(1.6)
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1.2.2 Hertzian with a Thin Film
Since solid film coatings are readily used to lower friction and wear, there is a
need to understand the contract pressure of ball-on-flat systems when a thin film is
present. Hsueh and Miranda proposed a combined empirical and analytical method
for predicting the behavior of a ball loaded on coating/substrate system, which can
be modeled using a modified Hertzian contact model [11, 12].
a
R
F
δ
d
Ei, νi
Ec, νc
Es, νs
Figure 1.4: Ball indenter on a coating/substrate system.
First, consider an elastic ball indenting an infinitely thick coating where the
contact area ac and deflection δc are given by
ac =
󰀕
3RP
4E ′
󰀖1/3
(1.7)
δc =
󰀕
9F 2
16E ′2R
󰀖1/3
(1.8)
Where E ′ is the reduced modulus of the ball coating system given by Equation (1.4).
Both ac and δc follow the standard Hertz model and be can be expressed in terms
of each other by Equation (1.3)
ac =
󰁳
Rδc, δc =
a2c
R
(1.9)
Next, treat the coating/substrate system as a homogeneous material with an eﬀec-
tive elastic modulus (Ec/s) that is defined in terms of the elastic modulus of the
5
coating (Ec) modified by a parameter (ψ), i.e. Ec/s = ψEc. The derivation of ψ can
be found in [12]. Then, the total contact area at, and total deflection δt, are given
by
at =
󰀕
3RP
4E∗
󰀖1/3
(1.10)
δt =
󰀕
9F 2
16E∗2R
󰀖1/3
(1.11)
Where E∗ is the reduced modulus of the indenter and the combined coating/substrate
system given by
E∗ =
󰀕
1− ν2c
ψEc
+
1− ν2i
Ei
󰀖−1
(1.12)
Where ψ is given by
ψ =
󰀕
1+
Ec(1 + νs)
πEs(1− ν2c )
󰀅
(3− 2νs)Λ1+Λ2
󰀆− 1
π(1− ν2c )
󰀅
(3− 2νc)Λ1+Λ2
󰀆󰀖−1
(1.13)
where Λ1 and Λ1 are functions of d/at given by
Λ1 =
π
2
󰀕
1 +
d2
a2t
󰀖
− d
at
−
󰀕
1 +
d2
a2t
󰀖
sin−1
󰀥
d
at
󰀕
1 +
d2
a2t
󰀖−1/2󰀦
(1.14)
Λ2 =− π
2
󰀕
1 +
3d2
a2t
󰀖
+
3d
at
+
󰀕
1 +
3d2
a2t
󰀖
sin−1
󰀥
d
at
󰀕
1 +
d2
a2t
󰀖−1/2󰀦
(1.15)
Unlike the previous example of indention on an infinitely thick coating, the assump-
tion that a =
√
Rδ is invalid for indention on coating/substate systems. Since the
deflection and contact area cannot be expressed in terms of each other, they must
be solved for independently. To solve this problem, Hsueh and Miranda developed an
analytical model (which is the basis for the derivation of crefeqn:psi,eqn:Lambda1,eqn:Lambda2),
that allows the use of the ratio of the deflection of the coating to the actual deflection
as given by
δt
δc
=
󰀕
E∗
E ′
󰀖2/3
(1.16)
and using an empirical model an expression for the ratio of the coating to actual
contact area is given by
6
at
ac
=
1− (Ec/Es)1/3 − C1(d/at)
C2
1 + C3(Ec/Es)
󰀅
1− (Ec/Es)C4
󰀆
1 + C5(d/at) + C6(d/at)
3 (1.17)
where C1–C6 are fitting parameters given by
C1 = 0.666 C2 = 0.0261 C3 = 113.413
C4 = 2.069 C5 = 2.8540 C6 = 3.143
can be used in conjunction with Equations (1.7) and (1.8) to find the pressure
developed by a given load using the following procedure:
(i) Guess at
(ii) Calculate at/ac and δ/δc from Equations (1.16) and (1.17)
(iii) Calculate ac from Equation (1.7)
(iv) Calculate δc from ac using Equation (1.9)
(v) Calculate δt from δc using Equation (1.16)
(vi) Calculate F from either δc or ac using either
(vii) Iterate at and repeat steps (i) to (vi) until the resulting F corresponds to the
desired mean pressure (p¯ = F/a2) or maximum pressure (p0 = 1.5F/a2).
It should be noted that this procedure will overestimate contact pressure for
the case of Ec > Es, as the analytical model which is the basis for the derivation of
Equation (1.16) neglects the eﬀect of flexural stresses at the surface.
1.3 Lubrication Regimes
There are four regimes of lubrication that are recognized and distinguished
by the behavior of the lubricant film thickness in each regime [13]. The regime can
be determined by the dimensionless film parameter (λ) which is defined as the ratio
of the the minimum film thickness (h0) to the composite surface roughness (R′q)
λ =
h0
R′q
(1.18)
Where the lubrication regime can be identified as
Boundary Lubrication, λ < 1
Mixed Lubrication, 1 < λ < 3
Elastohydrodynamic Lubrication, 3 < λ < 5
Hydrodynamic Lubrication, 5 < λ
(1.19)
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The composite surface roughness R′q is defined for the purpose of calculating λ
as the square root of the sum of squares of the Rq roughness parameter for both
surfaces sampled with a cutoﬀ wavelength of 2a. Where a is contact radius from
Equation (1.2) for ball-on-flat contacts.
R′q =
󰁴
R2q,A +R
2
q,B (1.20)
where:
Rq,A is the Rq of body A with a filter cutoﬀ wavelength of 2a
Rq,B is the Rq of body B with a filter cutoﬀ wavelength of 2a
Absence of 
boundary 
additives
Film Parameter, λ
31 5 7
C
O
F
0.001
0.01
0.1
1
1 < λ < 3
3 < λ < 5 5 < λ
λ < 1
Stribeck Number,
p¯
ηu
Figure 1.5: Illustrative plot showing the coeﬃcient of friction as a function of the
Film Parameter (λ) and the Stribeck Number, adapted from [13,14]
The minimum film thickness can be estimated up to contact pressure of 3
GPa using the numerically derived formulae from Hamrock and Dowson [15].
h0 = 3.63R
󰀕
uη0
E ′R
󰀖0.68󰀕
αE
󰀖0.49󰀕
F
E ′R2
󰀖−0.073󰀕
1− e−0.68k
󰀖
(1.21)
where:
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h0 is the minimum film thickness [m]
u is the the entraining surface speed [m/s]
η0 is the the lubricant viscosity at atmospheric pressure [Pas]
E ′ is the reduced young’s modulus from Equation (1.4) [Pa]
R is the is the radius of the ball [m]
α is the is the pressure-viscosity coeﬃcient [m2/N]
F is the contact load [N]
k is the ellipticity parameter (k = 1 for circular contact)
1.4 Traditional Bearing Materials
Materials which are used to manufacture bearings, gears, and other mechan-
ical components have an ideal set of properties that ensure high tribological perfor-
mance. These materials should be very hard and have high strength and thermal
conductivity. To be used in precision mechanisms, a material must be able to
be manufactured to tight tolerances with controlled surface finishes, and maintain
dimensional stability while resisting corrosion. In applications involving sensitive
instrumentation, it is important that materials are nonmagnetic and are electrically
conductive for the dissipation of static charge [16]. No traditional bearing material
encompasses all of these desirable properties, which has motivated a search for new
bearing materials.
High carbon and chromium steels like 52100 are widely leveraged for their
high hardness and resistance to rolling contact fatigue. However, these steels are
highly susceptible to corrosion and their applications are limited to controlled envi-
ronments. Martensitic stainless steels like 440C have comparably high hardness and
wear resistance while enjoying higher corrosion resistance. But despite being labeled
stainless, 440C still suﬀers from corrosion and could more accurately be referred to
as a "corrosion resistant" steel rather than a true stainless steel. Additionally, fer-
rous materials are highly magnetic and have relatively high densities which create
large centrifugal forces at high speeds when used for rolling elements, thus limiting
fatigue life.
Ceramics like silicone nitride (Si3N4) are very hard and have good wear re-
sistance, but are not susceptible to corrosion like steels are. Additionally, they are
nonmagnetic and have low densities, making them ideal materials for rolling ele-
ments in high speed applications. However, ceramics are not electrically conductive
(insulators) and have mismatched coeﬃcients of thermal expansion with traditional
structural materials. This mismatch in thermal properties, combined with the brit-
tleness of ceramics, precludes their use in many applications due to the weakness of
ceramics to cyclic fatigue stress, that is caused by the mismatched expansion and
contraction of mated parts during temperature changes.
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1.5 Near-equiatomic Nickel Titanium or "NiTiNOL" Alloys
The NiTiNOL family of alloys are a range of near-equiatomic Nickel-Titanium
(NiTi) alloys best known for their super-elastic properties and for exhibiting the
Shape Memory Eﬀect (SME). The name "NiTiNOL" comes from the Naval Ord-
nance Laboratory Research (NOL), where William J. Buehler and his colleagues
both discovered and led the pioneering research on NiTiNOL alloys in the late
1950’s [17–20]. The word NiTiNOL is itself an acronym for "Nickel Titanium Naval
Ordnance Laboratory." While the name NiTiNOL most commonly refers to alloys
that exhibit the SME, when Buehler discovered NiTiNOL, he identified two dif-
ferent compositions of interest—approximately 55 wt% Ni and a more Ni-Rich 60
wt% Ni, designated 55NiTi and 60NiTi respectively. Buehler described 60NiTi as
a "non-magnetic precipitation hardenable tool-like material" and was fascinated by
the SME properties of 55Niti. While 55NiTi was soft and easy to work, 60NiTi
was found to be prone to excessive work hardening and was determined to be pro-
hibitively diﬃcult to manufacture. The NOL abandoned early research on 60NiTi
in the early 1960’s due to lack of resources and in favor of the more interesting SME
properties of 55NiTi [20].
In August of 2004, Dr. Chris Dellacorte from NASA Glenn Research Center
was approached by Glenn Glennon of Abbott Ball Co. with the idea to use Ni-rich
NiTi alloys for bearing materials. Unlike lower nickel content 55NiTi, it has been
shown that with an appropriate heat treatment, 60NiTi could be tailored create
an extremely hard, weak-ordered intermetallic alloy that does not exhibit shape
memory behavior. Since then, there has been a considerable research eﬀort at NASA
Glenn to develop the 60NiTi alloy for structural and mechanical applications, most
notably rolling element bearings [16, 20–51].
Traditionally, bearing materials are both very hard and very stiﬀ. These
two properties have typically been considered to be linked. However, 60NiTi is both
relatively hard (56–62 HRC) after appropriate heat treatment, but relatively less stiﬀ
(E = ∼ 100 GPa) compared to traditional bearing materials. In the 1950s, Oberle
suggested that the ratio of a material’s hardness to its stiﬀness, designated the
Modell factor, could predict machine life of components made from that material
[25, 52]. While high hardness is advantageous for wear resistance, high stiﬀness
means higher local contact pressures and higher likelihood of Brinell damage in the
event of an overloading event. The rough uneven features created by Brinell denting
in a bearing raceway can cause premature fatigue failure of the bearing. Therefore,
a material with a high ratio of indentation hardness to elastic modulus would have
high wear resistance as well as low local contact pressures, which would reduce
the likelihood of Brinell damage. When Oberle first made this prediction, no high
Modell number materials were available, but now 60NiTi is one such material [25].
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In addition to having a high Modell factor, 60NiTi has exhibited incredi-
ble dent resistance and resilience, with reported recoverable strains over 5%, sig-
nificantly greater than steels, which will show permanent deformation at just 1%
strain [33]. Furthermore, 60NiTi has shown an extremely high coeﬃcient of resti-
tution [53]. 60NiTi can be machined to high tolerances and surface finishes prior
to heat treatment, and unlike NiTi55, 60NiTi does not show a martensitic transfor-
mation until over ∼ 100 ℃, which gives it suﬃcient dimensional stability to be used
to manufacture components of precision mechanisms [54]. 60NiTi is conductive but
nonmagnetic, and unlike ceramics, has a coeﬃcient of thermal expansion similar to
other structure materials so that is not grossly mismatched with that of compo-
nents it may be mated with. Additionally, NiTi has a modest density of 6.7 g/cm3
which is ∼ 15% lighter than steel, and 60NiTi is so inherently resistant to corrosion
that Dellacorte referred to it as corrosion "proof" [16, 35]. This set of properties
unique to 60NiTi make it a highly promising candidate for a bearing material. The
diﬀerences in selected material properties of 60NiTi and representative martensitic
stainless steel (400C), high carbon chromium steels (52100), and ceramics (Si3N4)
are summarized in Table 1.1.
Table 1.1: Tabulated comparison of selected technical properties of 60NiTi and
several traditional bearing materials, adapted from [36].
Property 60NiTi 440C 52100 Si3N4
Density (g/cm3) 6.7 7.7 7.81 3.2
Hardness 56–62 HRC 58–62 HRC 60–63 HRC 1300–1500 Hv∗
k (W/m·K) ∼ 9–14 24 46.6 33
α (×10−6/℃) ∼ 10 10 12.5 2.6
ρ (×10−6Ω·m) ∼ 1.04 ∼ 0.60 0.22 Insulator
Magnetic No Yes Yes No
Corrosion resistance Excellent Marginal Poor Excellent
E (GPa) ∼ 100 200 210 310
Poisson’s ratio, ν ∼ 0.34 0.3 0.3 0.27
Modell factor† 0.62 0.31 0.3 ∼ 0.24
∗Vicker’s hardness (Hv) is a hardness scale for ceramic materials with values beyond HRC 75
†Calculated as the ratio of the hardness in HRC to the elastic modulus in GPa
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1.6 Research and Development of 60NiTi
While 60NiTi was once considered prohibitively diﬃcult to manufacture,
there have been many advances in powdered metallurgy techniques since Buehler
first discovered in the late 1960s that allow useful quantiles of quality 60NiTi to
be readily produced. Research is still ongoing into diﬀerent techniques for primary
processing as development of the alloy continues. Casting of 60NiTi often results
in voids, inclusions, tramp carbon impurities, and unconsolidated particles of Ni or
Ti. Additionally, quenching 60NiTi during heat treatment imparts large amounts of
internal stress. The intrinsic brittleness, combined with defects in casting, greatly
degrades the performance of 60NiTi and increases its susceptibility to cracking dur-
ing heat treatment. An alternative method, which has been shown to produce much
higher quality material than casting, is the consolidation of gas atomized Ni and Ti
particles by hot isostatic pressing (HIP) [39]. HIP reduces defect sizes to that of the
powder particle size and produces a more homogeneous and high quality material
with isotropic properties. This is due to the random orientation of the particles
during HIP processing [39].
In the process of developing 60NiTi, it was discovered that the addition of 1
atomic percent hafnium to 60NiTi increases the uniformity of and reduce flaws in
the microstructure of the alloy, (Figure 1.6), by acting as a "getter" for contami-
nants [36]. The exact composition by weight percent is 57.6 wt.% Ni, 39.2 wt.% Ti,
and 3.2 wt.% Hf, and the resulting alloy is designated NiTi-Hf. The addition of Hf
also made 60NiTi dramatically less susceptible to cooling rates during heat treat-
ment and subsequently less likely to crack during quenching. The addition Hf has
also been shown to increase rolling contact fatigue resistance and enable 60NiTi to
endure higher stress levels, likely due to the improved homogeneity in microstructure
and reduction of voids, inclusions, and other flaws during processing [36, 55]. The
inclusion of Hf leads to such dramatic improvements in processability and load bear-
ing capabilities that future iterations of fully developed 60NiTi bearing components
will likely be of a NiTi-Hf composition [36].
Titanium and titanium rich alloys are notorious for poor tribological perfor-
mance even when well lubricated [20, 56]. Ti-6Al-4V for example, exhibits galling
even under oil and grease lubrication. 60NiTi and NiTi-Hf have both been shown to
exhibit relatively inferior sliding wear resistance as compared to 440C, under unlu-
bricated conditions [57,58]. The performance of titanium alloys in sliding is so poor
that it was previously thought that the only eﬀective means of preventing adhesive
wear (galling) in titanium sliding contacts was the use of fluorocarbon dry films such
as polytetrafluoroethylene (PTFE) [59]. Gears made from 60NiTi that were coated
with both a PTFE and with a graphite filled PTFE solid lubricant coating were
evaluated, and it was shown that they had low friction but high wear [37]. How-
ever, [60] showed that with proper surface preparation, PTFE solid film coatings
bonded to 60NiTi substrates by polydopamine (PDA) adhesives can have long life
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(a) (b)
Figure 1.6: optical microscope pictures of the microsctructure of (a) 60NiTi pro-
duced by HIP and (b) NiTi-Hf produced by HIP showing the reduction of flaws [44].
sliding against Si3N4 and show potential as a solid lubricant for 60NiTi. The use of
surface nitriding and anodization, in conjunction with dry film lubricant coatings
has been proposed as a way to reduce friction and protect titanium rich substrates
from wear [61]. Studies have shown that plasma nitriding of NiTi-Hf improved wear
resistance in dry sliding as compare to untreated NiTi-Hf [49,51]. Additionally, the
eﬀects of laser shock penning and ultrasonic crystal surface modification of NiTi
alloys was shown to increase scratch hardness of NiTi alloys [62, 63].
Titanium rich alloys, including Ti-6Al-4V, are known not only to be unsuc-
cessfully lubricated by oils, but to be chemically aggressive toward oils and cause
them to degrade [20, 56]. Given that Ti rich alloys perform so poorly under lubri-
cation, and that components made from 60NiTi/NiTi-Hf will likely operate with
a lubricant, it is vital to study how to properly lubricate 60NiTi/NiTi-Hf. It has
been shown that in rolling sliding contact perfluoropolyether (PFPE) and multiply-
alkylated cyclopentane (MAC) oils can successfully lubricate 60NiTi [16,20–22,25].
Friction and wear tests have been performed using castor oil, turbine oil, and paraﬃn
oil where castor oil was found to exhibit ultra low friction and lower wear compared
to the other oils [64–67]. 60NiTi and NiTi-Hf were evaluated using fully formulated
synthetic (PAO) gear oil, and showed that under the same conditions 440C, was
better lubricated [57, 58]. Further, investigations examined the intentional work
hardening of a 60NiTi sample that was not hardened by heat treatment during
sliding lubricated with cubic boron nitride (CNB) and MoS2 additized mineral oil
grease [68]. This study showed that both additives could be eﬀective at reducing
wear and that the intentional work hardening of the surface has potential for future
development. Yet, there has still not been a thorough investigation into the fac-
tors that control the reported performance of castor oil for lubricating 60NiTi or a
thorough evaluation of the ability of diﬀerent greases to lubricate 60NiTi.
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1.7 Summary, Motivation, and Research Objectives
Titanium rich alloys are known to have poor tribological performance and
to be chemically aggressive toward lubricants. Since 60NiTi is a titanium rich al-
loy, and components made from 60NiTi will likely operate with a lubricant, it is
vital to study how to properly lubricate 60NiTi contacts. This thesis is concerned
with the evaluation of the performance and ability of several lubricants to lubri-
cate NiTi-Hf components. The work presented here is the result of a series of tests
and investigations conducted on samples of NiTi-Hf donated by NASA Glenn Re-
search Laboratory (shown Figure 1.7). The goal of this research is to characterize
the performance of NiTi-Hf sliding contacts with diﬀerent lubricants at a range of
operating conditions. This first chapter serves to provide and clarify the relevant
background concepts and information integral to the work presented later in this
document. Chapter 2 contains explanations of all test equipment and methods used
for collecting and processing test data. Chapter 3 contains the results and discussion
of a study on the eﬀect of pressure and roughness on friction in caster oil lubricated
NiTi-Hf/steel contacts. Chapter 4 contains the results and discussion of a study
that evaluated the performance of five diﬀerent greases in terms of their ability to
lubricating NiTi-Hf. Chapter 5 contains a discussion on recommendations for future
studies.
(a) (b)
Figure 1.7: Pictures of (a) as received NiTi-Hf sample used in this study that were
processed by HIP and provided by NASA Glenn Research laboratory, (b) polished
60NiTi balls from [20].
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Chapter 2
EXPERIMENTAL DESIGN
2.1 Tribological Testing
To empirically study friction and wear, quantitative measurements are re-
quired. These measurements can be collected in a controlled laboratory environ-
ment by a device called a tribometer. Typical laboratory tribometer configurations
consist of a ball or a pin with a spherical cap loaded onto a disk or flat sample
which slides or rotates to create relative motion. These test configurations, shown
in Figure 2.1 are referred to as ball-on-flat or ball-on-disk testing.
rr
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(a)
Figure 2.1: Illustration of (a) linear reciprocating ball-on-flat testing and (b) unidi-
rectional ball-on-disk test configurations.
When testing is performed to inform a real world application, it is best to
study the performance of the system in the actual geometry and environment that it
will experience in use. However, field tests are usually extremely complicated, time-
consuming, and can be prohibitively expensive. For this reason, the use of laboratory
testing is widely employed. When designing a tribological laboratory test, significant
care is required to ensure the test conditions recreate the real world application.
For example, in the case of studying wear, laboratory tests can generally only be
extrapolated to real world conditions when the wear mechanisms are expected to be
similar [69]. Therefore, pin-on-disk testing is often only used to evaluate the relative
performance of a diﬀerent materials under similar test conditions.
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Figure 2.2: Rtec Instruments load cells setup with a 3/8" inch ball loaded in collect
chucks which are held in the (a) Low Newton Load Cell and (b) Medium Newton
Load Cell.
The normal force is sometimes applied by means of a deadweight, but can
be actively controlled as well. Load cells are typically used to capture the frictional
force. Two instruments from a Rtec Instruments tribometer are shown in Figure 2.2,
that can regulate a constant normal force using a cantilever loading mechanism as
well as capture the normal and friction forces that the ball or pin experience during
sliding using two diﬀerent load cells.
2.2 Capturing the Stribeck Curve
Stribeck curves were captured by running tests that start at high sliding
speeds to ensure full-film lubrication. The speed was then decreased in steps for
constant pressure and the COF was averaged for each step, as shown in Figure 2.3.
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71 mm/s
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233 mm/s
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Figure 2.3: Representative friction vs. time data illustrating the test process in
which the speed was decreased in a stepwise fashion to generate a stribeck curve.
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2.3 Calculation and Measurement of Wear on the Flat
The wear scars were measured using a white light interferometer, which cap-
tureed high resolution 3D images of wear scars as shown in Figure 2.4.
Interferometer ImageSample Disk
Wear Track
2D Profile of Wear Scar
Optical Image
Figure 2.4: Interferometer wear track imaging
The wear volume was calculated as the average of the cross-sectional wear
area of six profiles along the wear scar multiplied by the length of the scar. The
cross-sectional wear was defined as the diﬀerence between the areas above and below
the average height of the surface [70], as shown in Figure 2.5. It should be noted
that if protruding features were present, the area above the average surface height
was increased, and the calculated wear volume was decreased.
Scratch Region
Figure 2.5: Schematic illustration of the wear calculation for a cross sectional profile
of a flat that has protruding features above the surface line.
2.4 Calculation and Measurement of Wear on the Ball
For small wear cases, wear volume was calculated as the diﬀerence between
the volume of an unworn ball and that of a worn ball measured by interferometry over
the entire scar area, as illustrated in Figure 2.6. In cases where the wear on the ball
was too severe to calculate with this approach, the wear volume was approximated
using a spherical cap with a base radius that is the same as the radius of the wear
scar as described in [51].
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Unworn Profile
Worn Profile
Wear Area
Figure 2.6: Schematic diagrams illustrating the wear calculations for the ball
2.5 Sample Preparation
All samples were prepared using an Allied High Tech Metprep 3 polisher. To
achieve high surface finishes, the samples were first are run against a silicon carbide
abrasive pad at 120 grit until no marks from machining were visible. Then the
samples were polished with a progression of 320, 600, and 1200 grit silicon carbide
abrasive paper, lubricated by water. Finally, the sample are polished against a
firm back cloth platen saturated with a 6 µm polycrystalline diamond abrasive in a
hexylene glycol suspension until the desired surface finish is achieved.
Figure 2.7: Interferometer images of a surface that has (a) been faced on lathe with
carbide bit to Ra = 266.8 ± 48.30 nm (∼ 8 µin), then polished with (b) 120, 320, 600,
1200 grit silicon carbide abrasive paper lubricated with water to Ra = 30 ± 5.43 nm
(∼ 1 µin), then finished with (c) 6 µm polycrystalline diamond abrasive suspended in
hexylene glycol to a surface finish of Ra = 1.62 ± 0.07 nm (∼ 0.25 µin).
18
Chapter 3
THE EFFECT OF ROUGHNESS ON SUPERLUBRICITY
FOR CASTOR OIL LUBRIACTED 60NITI
3.1 Castor Oil as a Lubricant for 60NiTi
There has been a series of recent studies conducted to characterize the per-
formance of castor oil as a lubricant for 60NiTi [55,65–67]. The interest in castor oil
is that it is a "green" lubricant. Castor oil has long been recognized as a lubricant
and had a range of applications before mineral oils and synthetic esters were widely
adopted as lubricants [71]. Castor oil has been shown to exhibit better friction and
greater load carrying capacity in an unformulated form than commercial oil and to
have oxidative stability and anti wear performance comparable to commercial oil
when formulated with suitable additives [71, 72].
3.2 Superlubricity under Castor Oil Lubrication
Recent studies of castor oil lubricated 60NiTi-GCr15 contacts showed that
superlubricity was achievable under specific conditions [66, 66]. Specifically, a COF
of 0.004 was measured for a 60NiTi pin sliding against a GCr15 (Chinese equivalent
of AISI 52100) disk with a hertzian contact pressure of 280 MPa. The results were
explained by a proposed tribochemical reaction which resulted in the formation of
a protective tribofilm [67]. It was proposed that the castor oil degrades to yield an
interface with layers of hexanoic acid bonded to layers of nickel oxy-hydroxide and
iron oxy-hydroxide. It was suggested that the repulsive electrostatic interactions
between these intercalated layers enabled low resistance to shear and therefore lead
to the observed superlubricity as shown in Figure 3.1.
F
F
TiNi60 NiOOH
Coordination Polymers
Castor Oil
FeOOH
GCr15
Repulsive interation
Figure 3.1: Illustration of the proposed protective tribofilm, adapted from [67]
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3.3 Characterization of the Eﬀect of Pressure and Roughness on Castor
Oil Lubricated NiTi-Hf
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Figure 3.2: Average friction at each speed for three independent tests with as-
obtained NiTi-Hf balls (solid symbols). Also shown are results obtained with a
pin-on-flat geometry in [67] (hollow symbols).
Here, castor oil lubricated NiTi-Hf contacts sliding against AISI 52100 steel
flats are characterized under a range of speeds, pressures, and surface finishes. Con-
tact geometries include both ball-on-flat and a "flattened" ball which more closely
approximates the large contact radius of the pin-on-disk set up used in [67]. The
first set of measurements collected were performed with an as-received NiTi-Hf ball
sliding on a polished 52100 steel disk. The average roughness (Ra) of the ball and
disk were 60.8 ± 1.6 nm and 1.62 ± 0.2 nm, respectively, where the error corre-
sponds to the standard error of the measured roughness data. A 30 N normal load
corresponded to a maximum Hertz pressure of 1,665 MPa.
A representative data set from one trial is shown in Figure 3.2, where the
speed was decreased stepwise and the friction was allowed to reach steady state at
each speed as described in Section 2.2. The average friction coeﬃcient at each speed
is plotted as a function of the ratio of speed to pressure in Figure 3.2. This represen-
tation of the data is comparable to a Stribeck curve since all tests were performed at
the same load and with the same castor oil lubricant, i.e. same viscosity. The results
of the three independent tests were consistent and exhibited COFs decreasing from
0.09 to 0.05. These results are in contrast to those reported in [67] (also shown in
Figure 3.2) where the COF increased with increasing speed and reached a value as
low as 0.004. Two possible explanations for this diﬀerence are the geometry, i.e. ball
vs. large contact radius pin, and contact pressure, i.e. 1,665 MPa vs. 280 MPa. It
should be noted that the authors in [67] use a cast 60NiTi pin which may contain
tramp carbon impurities, and here a NiTi-Hf ball produced by HIP is used.
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3.3.1 Reducing Contact Pressure with the use of "Flattened" Spherical
Caps
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Figure 3.3: (a) Photo of a NiTi-Hf ball after being subjected to severe wear in
order to obtain a much larger eﬀective radius for subsequent friction testing. (b)
White light interferometer image of the flat region on the ball. (c) Cross-sections
of a representative flattened ball showing the large radius produced using the pre-
test wear method where the red and blue lines correspond to measurements in two
orthogonal directions.
From the Hertz contact theory, all else held constant, pressure is inversely
proportional to the radius of the ball (pmax ∝ 1/R). In order to lower the contact
pressure and minimize the diﬀerences between the current experiments and those
reported previously, the NiTi-Hf balls were subjected to severe wear in a controlled
process to generate spherical caps of larger eﬀective radius on the tip of the NiTi-Hf
balls. The process entailed sliding the spherical balls on compliant silicon carbide
abrasive paper. The wear was allowed to continue until the ball was flattened, as
shown in Figure 3.3(a). White light interferometer profilometry analysis of the flat-
tened region showed that the edges of the worn region were rounded, eﬀectively
corresponding to a much larger radius (see Figure 3.3(c)). This rounding is at-
tributable to the fact that the abrasive paper was compliant, such that the paper
wrapped around the edges of the contact during polishing. The eﬀective radii of the
flattened balls were determined using a least squares fit of a circle to the profile of
the worn balls. The resulting radii of the flattened 2.38 mm radius NiTi-Hf balls
with this method varied from 62 to 243 mm. The resultant geometry was similar
to the 60NiTi pins used in [67] and enabled experiments to be performed at much
lower Hertz pressures than what is shown in Figure 3.2. The roughness increased
to 257.3 ± 27.3 nm, where the average and standard deviation were obtained from
measurements of the three balls used to obtain the data in Figure 3.4.
Friction experiments were run with the flattened balls at a normal load of
30 N, corresponding to a Hertz pressure of 120 ± 14 MPa. The results are shown
in Figure 3.4. Although the pressure range and geometry are now comparable to
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Figure 3.4: Friction results obtained with flattened NiTi-Hf balls having large eﬀec-
tive radii which enabled much lower pressures to be achieved. Data reported from
three independent tests (solid symbols). Also shown are results obtained with a
pin-on-flat geometry in [67] (hollow symbols).
those reported in [67], the measured friction is still much higher. Also, the friction
in the present experiments decreases with increasing speed while the friction in the
previous study increases with increasing speed.
3.3.2 Lowering Surface Roughness with Varied Degrees of Polishing
In a lubricated contact, surface roughness can determine the lubrication
regime based on its magnitude relative to the lubricant film thickness as described
in Section 1.3. In order to further characterize the parameters that eﬀect the fric-
tion in this contact, the same procedure for creating flattened balls described in
Section 3.3.1 was preformed using diﬀerent grits of silicon carbide abrasive paper
to create a range of surface finishes. This created a total of twelve flattened balls
with varying eﬀective radii and roughness. At the constant load of 30 N, the eﬀec-
tive radii corresponded to Hertz pressures between 87 and 258 MPa. The average
roughness varied from 17.2 to 279.6 nm. Profiles of three representative flattened
balls polished to diﬀerent roughness scales are shown in Figure 3.5. Each surface
was characterized by the average roughness, as well as the root-mean-square rough-
ness (Rq), skewness (Sk), and kurtosis (Ku) which are described in further detail in
Section 1.2. A summary of the ball radii and all roughness parameters is given in
Table 3.1.
Rq was larger than Ra in all cases, but trended the same, so only Ra is
reported subsequently. The skewness was slightly below zero for all cases, with an
average value of Sk,ave = -0.7, indicating surfaces with more valleys than peaks,
typical of polishing [73]. The kurtosis was larger than three for all cases, with
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Figure 3.5: Cross-sections of representa-
tive flattened balls polished to diﬀerent
levels of roughness.
Table 3.1: Eﬀective radius and rough-
ness parameters for twelve flattened balls
polished to varying degrees of roughness.
Sorted by ball radius.
Ball R (mm) Ra Rq Sk Ku
1 47.8 34.9 48.0 -1.0 7.3
2 62.3 17.7 25.3 -0.7 8.0
3 68.9 29.8 39.9 0.0 4.8
4 72.1 39.5 54.2 -0.5 6.4
5 89.9 30.1 40.1 -0.5 5.0
6 99.9 45.4 65.1 -1.5 9.5
7 115.6 17.2 26.5 -0.1 14.2
8 127.6 226.9 313.2 -0.9 7.0
9 138.6 36.4 51.1 -0.7 8.0
10 158.3 279.6 376.2 -0.7 6.2
11 175.2 265.5 366.4 -0.8 7.1
12 243.4 17.7 25.3 -1.0 8.3
an average value of Ku,ave = 7.6, indicating surfaces with sharp asperities. No
correlation between these two parameters and the observed friction was found, so
they will not be discussed further here.
Tests were run for each ball across the same range of speeds reported in
Figures Figure 3.2 and Figure 3.4. However, to facilitate comparison between the
various cases, study was focused on the friction at a speed of 31.1 ± 1.8 mm/s,
which is near the speed of interest where super lubricity is reported in [67] at 33.4
mm/s. Average friction as a function of eﬀective Hertz pressure for the original three
balls (from Figure 3.2), the flattened balls, and from [67] is shown in Figure 3.6.
The friction did not change monotonically with pressure. However, the roughness of
the contacts varied significantly: the original ball roughness was 60.8 ± 1.6 nm, the
flattened ball roughness ranged from 17.2 to 279.6 nm, and the roughness reported
in [67] was 200 nm. Both pressure and roughness can aﬀect the lubrication regime,
which determines the friction mechanism, as discussed next.
3.3.3 The Eﬀect of Pressure and Roughness on Lubrication
For the contact in the present study, the eﬀective radius R varies for each
flattened ball, the speed u is 31.1 mm/s, the reduced elastic modulus E ′ is 164.6
GPa, the pressure-viscosity coeﬃcient α is 15.9 GPa-1, the ambient viscosity η0 is
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Figure 3.6: Friction as a function of pressure at constant speed (∼ 31 mm/s) for
the original and flattened balls. All tests were performed at a load of 30 N and
the pressure varies due to the radius of the flattened ball. Also shown is the result
obtained with a pin-on-flat geometry in [67] (hollow symbol).
0.674 Pa·s, the load F is 30 N, and the ellipticity parameter k is 1 for a spherical
geometry. The film parameter λ was calculated for all twelve flattened ball cases
and the results are shown in Figure 3.7. The friction decreased with increasing λ.
The three tests with λ ≈ 1, suggesting nearly boundary lubrication, corresponded
to the roughest surfaces (Ra,ball = 257.3 ± 27.3 nm). All other tests had a λ value
of greater than 3, indicating full film lubrication. The test that exhibited ultra-low
friction (friction coeﬃcient < 0.01) corresponded to a surface roughness of 17.7 nm
and λ>10. Therefore, although the measured ultra-low friction is comparable to
that reported in [67], here this result was only achieved with full film lubrication,
i.e. not through the action of a protective tribofilm. Using the film thickness calcu-
lation described above, the film parameter for the data point at comparable speed
reported in [67] is slightly below 1, indicating boundary lubrication. Therefore, the
previously reported superlubricity could not be reproduced or explained. Possible
explanations of the disparity include diﬀering geometry and material composition,
since the present NiTi was alloyed with Hafnium and the large radii were created
artificially using severe wear of the balls. Additionally, another recent study by a
diﬀerent group measured friction with 60NiTi and 58Ni39Ti-3Hf lubricated by cas-
tor oil lubricated and found a COF of ≥ 0.1, much higher than the superlubricity
limit [55].
3.4 Conclusion
The ability of castor oil to lubricate a NiTi-Hf / steel contacts was evalu-
ated by measuring the friction coeﬃcient in pure sliding conditions under a range of
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Figure 3.7: Friction as a function of the film parameter λ for the flattened ball
tests at ∼ 31 mm/s. Also shown is the result obtained with a pin-on-flat geometry
in [67] (hollow symbol). Vertical dashed lines indicate theoretical transitions between
lubrication regimes.
speeds, pressures and surface roughness. With spherical NiTi-Hf balls, it was found
that the eﬀect of speed was consistent with that expected based on a traditional
Stribeck curve. However, at all speeds, the observed friction was significantly higher
than reported in [67]. To minimize diﬀerences between the two studies, the NiTi-Hf
balls were subjected to controlled wear prior to friction testing in order to achieve
lower pressures and geometries comparable to a pin-on-disk geometries. With these
flattened balls, friction was still higher than previously-reported. The eﬀect of pres-
sure was explored for a given speed by testing with diﬀerent flattened ball radii, and
it was found that friction did not vary monotonically with pressure. However, mea-
surements with diﬀerent surface roughness revealed a strong dependence of friction.
With the smoothest NiTi-Hf surfaces (Ra≈18 nm), ultra-low friction was achieved.
However, an analysis of the film parameter λ revealed that this case was likely to
be in the full film lubrication regime, where low friction was provided by the fluid
entirely supporting the load. Therefore, in contrast to findings of the previous study,
it is unlikely that the ultra-low friction observed here was due to the eﬀects of a tri-
bofilm. Regardless, the present study shows that castor oil may be used to lubricate
NiTi-Hf, but only if the components are finished to achieve small surface roughness
and then maintain that roughness level during operation.
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Chapter 4
EVALUATING SEVERAL GREASES FOR BOUNDARY
LUBRICATION OF SELF-MATED 60NITI
4.1 Grease Lubrication for 60NiTi
60NiTi has many properties that are desirable for bearing materials, espe-
cially those used in space applications where components must operate eﬃciently and
reliably in harsh conditions. However, despite the fact that most bearings are grease
lubricated, there has not yet been a systematic study of the tribo-performance of
greases for 60NiTi lubrication. To address this, five diﬀerent greases were selected
to evaluate their tribological performance in lubricating in low sliding speed self-
mated NiTi-Hf contacts. The greases, their kinematic viscosities, base oil chemistry,
and thicker chemistry are summarized in Table 4.1. Three of the greases used,
(Braycote 601EF, Braycote 602EF and Nye Rheolube 2000), are designed for use
in space/vacuum applications where low outgassing and low volatility are neces-
sary. Nye Rheolube 374A and SKF LGMT2 are conventional mineral and synthetic
oil greases used in both aviation and terrestrial applications. The base oil of Nye
Rheolube 2000 is Pennzane 2001A and the base oil of Braycote 601EF and 602EF
is Braycote 815z; Pennzane 2001A and Braycote 815z have been characterized in
previous studies of self-mated NiTi-Hf in rolling-sliding contact [16, 20–22,25].
Table 4.1: Tabulated summary of greases used in this study, and their properties.
Grease Base Oil Thickner type Viscosity 40, 100 ℃
LGMT2 Mineral Oil Lithium Soap 110, 11 cSt
Braycote 601EF PFPE (Brayco 815Z) PTFE Particles 148, 45 cSt
Braycote 602EF PFPE (Brayco 815Z) PTFE Particles 140, 45 cSt
Rheolube 374A PAO Lithium Soap 121, 17 cSt
Rheolube 2000 MAC (Pennzane 2001A) Sodium Soap 110, 15 cSt
4.2 Testing Conditions
Tests were performed following an adaptation of the ASTM G133-05 standard
for linear reciprocating ball-on-flat sliding wear tests in the configuration shown in
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Figure 2.1(a), with modifications necessitated by limitations of the available test
instrumentation. The ASTM standard recommends a 10 mm stroke length at 10
Hz oscillating frequency (200 mm/s sliding speed). However, the present tests were
performed with a 10 mm stroke length, at 0.25 Hz oscillating frequency (5 mm/s
sliding speed). The samples were polished to an Ra of 46 nm and 6 nm for the
ball and flat respectively, as measured by a white light interferometer. The load
was chosen to be close, but still comfortably less than the allowable contact stress
for bearing materials in high precision mechanisms listed in NASA standard no.
5017A [74]. For each grease, three tests were run with a 30 m sliding distance
and one test with a 100 m sliding distance. Prior to each test, each sample was
ultrasonically cleaned in a heptane bath, and again in Vertrel XF ifz fluorinated oil
was present. For each test, approximately 0.5 g of grease was evenly spread along
the path of the ball. The test conditions are summarized in Table 4.2.
Table 4.2: Test parameters used for
ASTM G133-05 reciprocating tests.
Parameter Value
Stroke Length 10 m
Sliding Speed 5 mms-1
Sliding Distance 30, 100 m
Contact Pressure ∼ 1 GPa
Ball Diameter 3/16"
Surface Roughness Ball - 46 nm
Flat - 4 nm
Lubricant Grease
Humidity 35–50%
Trials 3 Figure 4.1: Polished NiTi-Hf sample
with wear tracks from wear testing.
For each grease, the friction and wear behavior is analyzed. First, the COF
is shown as a function of sliding distance for four tests (three at 30 m and one at
100 m). The friction traces of the three 30 m tests are shown as red, black, and
blue, and the 100 m tests are shown in magenta. Then, representative wear scars
from the ball and the flat are shown from one 30 m test for each grease. Wear was
evaluated using optical and interferometer images, SEM images within the wear scar
on the flat, wear volume (calculated per Sections 2.3 and 2.4). Optical images were
taken using a Leica (Model DM 2500M) optical microscope, and SEM images by
Zeiss Gemini 500 scanning electron microscope. Prior to imaging, each surface was
thoroughly cleaned using the same procedure as was used prior to testing.
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4.3 SKF LGMT Results
Figure 4.2: Test results for SKF LGMT2 including (a) friction traces, (b) interfer-
ometer image of the ball wear scar, (c) and (d) optical microscope and interferometer
images of the flat wear scar, and (e) and (f) SEM micrographs of the flat wear scar.
All wear images correspond to the test shown in blue in (a)
Test results for the SKF LGMT2 are shown in Figure 4.2. The COF, shown
in Figure 4.2(a), is initially high (∼ 0.45). In one of the 30 m trials, the friction starts
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to decrease around 20 m of sliding. This decrease also happens in the 100 m test at
40 m of sliding. However, the friction is never observed to be consistently low with
this grease. Figure 4.2(b) shows the wear scar on the ball with severe scoring marks
parallel to the sliding direction, indicating predominantly abrasive wear [10, 70].
The corresponding scar on the flat shows faint abrasive wear marks and protruding
features which are indicated by the blue regions in the interferometer image in
Figure 4.2(c) and dark regions in the optical microscope image in Figure 4.2(d).
These protruding features are likely adhered wear debris. Two regions are magnified
in SEM micrographs in Figures 4.2(e) and 4.2(f) which show that the size of the
adhered features ranges from a few tens to hundreds of microns, indicating this
behavior is prevalent across diﬀerent scales of asperity contact. The large amount of
material adhesion is possibly a result of galling [70], which would be consistent with
the behavior of other titanium rich alloys [20,21,56] in sliding. A ×20 magnification
Figure 4.3: ×20 Optical microscope image of one protruding feature taken inside
the LGMT wear track shown in Figure 4.2(c)
optical microscope image shown in Figure 4.8 details one protruding feature as well
as the deep abrasive marks in the direction of sliding. This indicates that adhesive
wear on the flat is still highly prevalent despite the large amount of adhered material.
It is possible that wear debris adheres to the flat and is work-hardened due to the
severe testing conditions and then the hard protruding material on the flat abrades
the relatively softer ball.
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4.4 Braycote 601EF Results
Figure 4.4: Test results for Braycote 601EF including (a) friction traces, (b) inter-
ferometer image of the ball wear scar, (d) interferometer image of the flat wear scar,
and (c) optical image of the flat wear scar. All wear images correspond to the test
shown in blue in (a)
Test results for Braycote 601EF are shown in Figure 4.4. The COF, shown
in Figure 4.4(a) was consistent between all four tests. For each test, there was a
short run in period followed by low friction (average COF of 0.14 after 10 m of
sliding) with intermittent friction peaks, possibly due to wear followed by removal
of worn material from the wear track. The longer duration test (100 m sliding
distance) shows that the height and frequency of these friction peaks decrease with
sliding distance. Ball wear, shown in Figure 4.4(b), was very relatively smaller
than in tests with other greases. Unlike the the SKF LGMT2 tests, there are no
protruding features found on the flat wear scar shown in Figures 4.4(c) and 4.4(d),
which suggests this contact is dominated by abrasive wear [10] as evidenced by the
longitudinal grooves in Figure 4.4(d). While the width of the wear scar on the flat
is much smaller than that with the SKF LGMT2 shown in Figure 4.2(d), the wear
depth is much greater. Which is shown by the larger and darker regions of red in
Figure 4.2(d). The lack of protruding features may indicate that the PTFE particles,
that thicken Braycote 601, are eﬀective at preventing adhesive wear modes.
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4.5 Bracycote 602EF Results
Figure 4.5: Test results for Braycote 602EF including (a) friction traces, (b) interfer-
ometer image of the ball wear scar, (c) and (d) optical microscope and interferometer
images of the flat wear scar, and (e) and (f) SEM micrographs of the flat wear scar.
All wear images correspond to the test shown in blue in (a)
Test results for Braycote 602EF are shown in Figure 4.5. The COF, shown in
Figure 4.4(a) are similar to those from the Braycote 601EF, but with fewer friction
peaks. The mean COF after 10 m of sliding is slightly lower at 0.13, which is pos-
sibly due to the addition of 2 w.t.% MoS2 which is intended to help reduce friction
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in boundary lubrication. The wear on the ball shown in Figure 4.5(b), and flat in
Figures 4.5(c) and 4.5(d) are also similar to those of Braycote 601EF, characterized
by narrow, sometimes deep wear features, indicating abrasive wear. SEM micro-
graphs of the flat wear scar for this grease contain many micron-sized dark spots,
as shown in Figures 4.5(e) and 4.5(f). Since the SEM was performed after the sam-
ple was ultrasonically cleaned in a bath of Vertrel XF for 5 mintues and dried with
forced air, it is unlikely these are residual spots of grease. Additionally, similar spots
were observed with the Braycote 601EF, but a significantly lower superficial density
compared to Braycote 602EF. Compositional analysis using energy-dispersive x-ray
spectroscopy (EDAX) was performed on these scars to investigate the dark spots,
and the spectrum for one spot in the wear track shown in Figures 4.5(c) to 4.5(f)
is shown in Figure 4.6. The EDS spectrum show peaks for nickel, titanium, and
EDS in Braycote 602 Wear Track
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Figure 4.6: EDS spectrum of NiTi-Hf wear track in the wear track created during
one Braycote 602EF lubricated test.
hafnium where expected. There were very few counts in the range that would be
expected for molybdenum or sulfur, so the dark spots shown in Figure 4.5(f) are not
explained by residual MoS2. There is a small peak for carbon which may indicate
some residual tribochemical product as the organic lubricant is degraded. Since the
spots are so scarce and the the typical detection limit for EDS performed by an SEM
is ∼ 0.1 wt%, it is possible that there is something unaccounted for here, present at
levels below that detectable threshold. So overall these EDS measurements do not
conclusively explain the nature of the observed dark spots in Figure 4.5(f).
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4.6 Nye Rheolube 374A Results
Figure 4.7: Test results for Rheolube 374A including (a) friction traces, (b) interfer-
ometer image of the ball wear scar, (c) and (d) optical microscope and interferometer
images of the flat wear scar, and (e) and (f) SEM micrographs of the flat wear scar.
All wear images correspond to the test shown in red in (a)
Test results with Rheolube 374A are shown in Figure 4.7. The COF, shown
in Figure 4.7(a) decreases in the first 7 m of sliding, after which the friction is erratic
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and relatively high (average friction of 0.22 as calculated after 15 m of sliding). This
behavior is similar to that of SKF LGMT2, but the friction decreases with sliding
distance more quickly with the Rheolube 374A. The longer duration test exhibits the
same trends as those run for 30 m, with a rapid friction decrease leading to erratic
friction with an average value of 0.22 after 15 m. The interferometer image of the ball
wear scar in Figure 4.7(b) shows significant wear and abrasive wear marks, similar
to the SKF LGMT2. Also, the wear scars shown in Figures 4.7(c) and 4.7(d) suggest
a combination of adhesive and abrasive wear, as evidenced by protruding features
that are higher than the original surface (blue in the interferometer image) and
abrasive scoring marks (yellow streaks). While the mechanisms appear to be similar
Figure 4.8: Representative sections from the optical microscope images of the wear
track for (a) LGMT and (b) 374A.
to what was observed in the SKF LGMT2 wear track, Rheolube 374A had smaller
wear tracks with much higher superficial density of protruding features as shown in
Figure 4.8. Additionally, the protruding features in 374A were shorter relative to
the surface compared to features observed in the LGMT tests. SEM micrographs of
the protruding features from the wear scar are shown in Figures 4.7(e) and 4.7(f)
suggest that the material adhered to the flat has been sheared and flattened due to
cyclic shear stresses.
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4.7 Nye Rheolube 2000 Results
Figure 4.9: Test results for Rherolube 200 including (a) friction traces, (b) in-
terferometer image of the ball wear scar, and (c) and (d) optical microscope and
interferometer images of the flat wear scar. All wear images correspond to the test
shown in blue in (a)
Test results with the Rheolube 2000 are shown in Figure 4.9. The COF,
shown in Figure 4.9(a) stays between 0.4 and 0.5 until 25 to 30 m of sliding, after
which it drops to a constant value of 0.13. The interferometer image of the ball
wear scar in Figure 4.9(b) shows severe abrasive wear, similar to that observed
with Rheolube 374A and SKF LGMT2. The Rheolube 2000 ball wear scar diﬀers,
however, in that it exhibits micro-sized pits along with the scoring marks. The
flat wear scar width and appearance resemble the Rheolube 374A with protruding
features and mild abrasive scoring marks. However, unlike the Rheolube 374A and
SKF LGMT2, here the presence of adhered material inside flat wear scar and severe
abrasion on ball did not result in high, erratic friction in the 100 m test. This is
possibly due to increased contact area (inferred from the relatively larger wear scar)
which would result in a lower contact stress.
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4.8 Conclusion
Table 4.3: Specific wear rates (×10−5 mm3/m·N) calculated from the 30 m tests.
Grease Flat Ball Combined
LGMT2 6.3 ± 1.1 14.4 ± 1.7 20.7 ± 2.0
Braycote 601EF 5.4 ± 0.7 0.2 ± 0.1 5.6 ± 0.7
Braycote 602EF 5.7 ± 1.2 0.3 ± 0.1 5.9 ± 1.2
Rheolube 374A 6.2 ± 0.7 4.9 ± 0.4 11.1 ± 0.8
Rheolube 2000 10.5 ± 0.9 15.8 ± 0.7 26.3 ± 1.1
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Figure 4.10: Wear volume averaged over the three 30 m tests for each grease as
measured from the (a) flat and (b) ball. Error bars represent the standard error of
three tests.
To compare the wear behavior of each grease quantitatively, the wear volume
on the ball and flat was calculated from the 3D interferometer images of the wear
scars as described in Sections 2.3 and 2.4. Specific wear rates were calculated for the
three short sliding distances as the wear volume divided by the total sliding distance
(30 m) and normal load (11.5 N). The results are shown in Figure 4.10. The wear
volume comparison shows that flat wear (Figure 4.10(a)) is nearly the same in all
cases, except for Rheolube 2000 which has nearly twice the wear of the other greases.
However, the similarity in the wear volume is misleading since the SKF LGMT2 and
Rheolube 374A wear tracks are wide with significant adhered material, while the
flat wear scars of the two Braycote greases are narrower and deeper as demonstrated
in Figure 4.11. However, the diﬀerence in overall wear performance is more obvious
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in the comparison of ball wear, shown in Figure 4.10(b). The two Braycote greases
have an order of magnitude lower wear than the other greases. This is followed by
the Rheolube 374A, and then the SKF LGMT2 and Rheolube 374A that have the
most ball wear. For SKF LGMT2 and Rheolube 374A, the ball wear is greater than
that of the flat, likely due to material that adheres to the flat during testing.
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Figure 4.11: Representative sections from the optical microscope images of the wear
track for (a) LGMT and (b) Braycote 602EF and representative cross sectional
profiles for (c) LGMT and (d) Braycote 602 EF.
The specific wear rates with each grease for the ball, the flat and for both
surfaces from the 30 m tests are summarized in Table 4.3. The trends in specific
wear rate for the ball and flat reflect the trends observed in Figure 4.10. It should be
noted that the flat wear rates in the present tests are comparable to those reported
in other studies with NiTi-Hf sliding against tungsten carbide ball with castor oil
or fully-formulated PAO gear oil [55,57,58]. The combined wear rates enable direct
comparison of the greases and show that, in terms of wear resistance, the greases
tested here compare as follows: Nye Rheolube 2000 < SKF LGMT2 < Nye Rheolube
374A < Braycote 602EF ≈ Braycote 601EF.
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The results from this study can be analyzed in the context of previous reports
of NiTi-Hf tribo-performance. First, the Rheolube 2000 tests can be compared to
spiral orbit tribometer measurements of self-mated 60NiTi using Pennzane 2001A oil
lubrication [16], which is the base fluid in Rheolube 2000. Unlike the results shown
in Figure 4.9, the previous study reported that 60NiTi is amenable to lubrication
with Pennzane 2001A and rolling-sliding contact was measured with a low, steady
COF of approximately 0.06 and no material adhesion. The Hertz contact pressure
was ∼ 1 GPa in both studies, so the diﬀerences are likely due to the severity of the
test conditions, i.e. the present tests are pure sliding which is much more severe
than rolling-sliding contact. Another comparison can be made related to the adhered
material features we observed in the flat wear tracks for SKF LGMT2, Rheolube
374A and Rheolube 2000. These features are similar to those found in the flat wear
tracks after sliding a tungsten carbide ball on NiTi-Hf in unlubricated conditions at
similar contact pressures [58], which may be adhered wear debris.
The composition of the protruding features was measured using energy dis-
persive x-ray spectroscopy and showed that the material mainly consisted of Nickel,
Titanium, Oxygen, and a negligibly small amount of ball material, which suggested
that the protruding features did not form due to material transfer from ball to flat.
In the present study of self-mated NiTi-Hf, it is likely that the protruding features
consist of material that was originally from both the ball and the flat. However,
no such features were observed in the rolling-sliding spiral orbit tribometer tests for
self-mated 60NiTi lubricated with Pennzane 2001A oil in [16]. These observations
suggest that the protruding features observed in this study may have formed while
the ball was sliding against the flat in starved lubrication conditions. It is known that
grease lubricated contacts are susceptible to starved lubrication conditions when the
grease is unable to supply the contact with a suﬃcient amount of oil [75,76], which
would explain the similarity between our tests and the unlubricated tests from [58].
The goal of this study was to evaluate the tribo-performance of self-mated
NiTi-Hf under grease lubrication. Five greases were tested, including those currently
used in space and terrestrial applications: a mineral-oil-based general purpose grease
(SKF LGMT2), a PFPE-based grease (Braycote 601EF) and additized with MoS2
(Braycote 602EF), a PAO-based high temperature grease (Rheolube 374A) and a
MAC-based grease (Rheolube 2000). The performance of these greases was evalu-
ated for pure sliding at 1 GPa in a non-conformal contact. This emulates severe
conditions that correspond to contacts that are lubricant-starved and cease rolling.
The greases are compared in terms of friction as well as wear measured using an
optical microscope, interferometer and SEM imaging of the wear scars on the ball
and flat. The observations for each grease are summarized below:
1. SKF LGMT2 exhibited high friction, with a COF in the range of 0.15 to 0.4,
even after run-in. The wear on ball was high and almost twice that of the wear
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on the flat. A significant amount of material adhered to the flat, extending
above the original surface height. The wear patterns on the ball and flat
suggest that both adhesive and abrasive wear mechanisms are present.
2. Braycote 601EF and Braycote 602EF exhibited low CoFs of 0.14 and 0.13,
respectively, with intermittent friction-peaks, likely due to wear followed by
wear debris removal from the contact. Fewer and smaller friction peaks were
observed with the Braycote 602EF possibly due to the addition of MoS2. In
both cases, the ball wear was minimal. The flat wear tracks, although narrower
than observed with the other three greases, were deeper and did not contain
protruding features, which indicates predominantly abrasive wear. The flat
wear track with the Braycote 602EF exhibited dark spots in SEM micrographs,
the origin of which are not clear.
3. Rheolube 374 showed friction that began to decrease quickly (within 17 m),
but then entered varied erratically for the rest of the test duration with high
COFs between 0.2 and 0.3. Wear on the ball was significantly lower than with
the SKF LGMT2, but higher than with the Braycote greases. Wear on the
flat suggested a combination of abrasive and adhesive wear mechanisms.
4. Rheolube 2000 exhibited high friction (COF between 0.4 and 0.5) until ∼ 30
m, after which the friction dropped dramatically to an average of 0.13 and
remained steady until the end of the long test. Wear was the highest with this
grease on both the ball and flat. Protruding features were observed, similar
to SKF LGMT2 and Rheolube 374, but in this case their presence did not
adversely aﬀect the friction after run-in.
Overall, both the PFPE based and PTFE thickened greases (Braycote 601
and 602 EF) performed the best, with the lowest friction and best wear resistance.
Of those two, the 602EF exhibited slightly lower average friction and wear, possibly
due to the presence of the MoS2 additive, but the diﬀerence was not statistically
significant. Compared to the other three greases, the mineral-oil-based general pur-
pose grease (SKF LGMT2) and MAC-based grease (Rheolube 2000) performed the
worst, exhibiting high friction throughout the test and significant wear. The PAO-
based high temperature grease (Rheolube 374A) was moderate in both friction and
wear. The results of this study are the first step towards a complete evaluation of
the friction and wear performance of self-mated NiTi-Hf contacts.
39
Chapter 5
FUTURE RESEARCH
5.1 Mitigating Wear in 60NiTi Self Mated Contacts
60NiTi has shown a tendency to experience significant adhesive wear under
certain conditions. Further work should investigate the mechanism of this wear
behavior, and techniques to mitigate it. This may include investigations into sur-
face treatments or solid film coatings that will be eﬀective at minimizing adhesive
wear. Here, it was proposed that work hardened wear debris caused aggravated
wear, but [68] showed that controlled work hardening could provide improved wear
resistance. Future studies should investigate techniques of either mitigating or con-
trolling the work hardening of the surface of 60NiTi to enable better tribological
performance. Most studies performed so far have been sliding ball-on-disk tests.
However, components made from 60NiTi, such as bearings and gears, will experi-
ence rolling-sliding contacts. Future investigations of 60NiTi should include rolling-
sliding contacts and diﬀerent loading conditions than presented here. Only with
a comprehensive set of data for performance of 60NiTi under diﬀerent conditions,
will the use of this material for greater and wider wider variety of potential bearing
applications be enabled.
5.2 Hybrid NiTi-Hf Counterface Mechanisms
Titanium rich alloys are prone to adhesive wear in self mated contacts, so
sliding against an unlike counterface material could enable enhanced performance
and component life. For example, other titanium alloys such as aluminum-titanium
show better wear performance sliding against 440C than they do in self mated con-
tacts [77]. NASA Glenn also envisions applications with both hybrid Si3N4/NiTi-Hf
and hybrid 440C/NiTi-Hf bearings [44]. There has been work done to character-
ize 60NiTi in dissimilar contacts [54, 57, 58, 65–67]. However, more study is still
required to understand how to lubricate those dissimilar contacts and to select po-
tentially more advantageous counterface materials. Specifically, additional studies
of Si3N4/NiTi-Hf and 440C/NiTi-Hf contacts should be conducted to inform design
considerations for hybrid bearings.
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5.3 Lubricant Chemistries
There have been decades of research and development done to design lu-
bricants to function through chemical and physical interactions with steel surfaces.
Comparatively, much less work has been done to investigate possible additive chemi-
stires for titanium alloys. In the 1960’s, early studies of the tribological properties
of titanium suggested the use of charge transfer complex of iodine and aromatic
compounds (like n-Butylbenzene) as an oil additives for titanium and titanium rich
alloys [78–80]. These studies reported significant reduction in friction and wear with
the use of these compounds as oil additives. Future research should explore the use
of nontraditional oil additives for 60NiTi.
5.4 Concluding Remarks
60NiTi shows remarkable potential for the application of highly resilient com-
ponents for mechanical systems. With more research and development, intermetallic
alloys are poised to join ceramics and martensitic steels as well recognized bearing
materials. Additionally, as Chris Dellacorte remarks in [20], our strong understand-
ing of the Fe-C system only developed as the result of many decades of research.
The Ni-Ti system has only just begun to be explored and has the potential to reveal
new and exciting properties we have not yet observed.
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